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Soil-Pile Interaction in Liquefiable
Cohesionless Soils During Earthquake Loading
Hudson Matlock
Geoffrey R. Martin
Ignatius P. Lam
Chan-Feng Tsai
The Earth Technology Corporation (Ertec)

SYNOPSIS
A procedure for soil-pile-structure interaction analyses under earthquake loading is
presented, using two computer programs: DESRA and SPASM.
DESRA solves for free-field site response,
including liquefaction, using a two-phase pore-pressure and effective stress soil model.
Resulting
displacement and pore pressure time histories are then transferred to SPASM for soil-pile-structure
interaction solutions.
The procedure is compared with a conventional approach consisting of a
linear dynamic structural model and a separate nonlinear pseudostatic pile model.
The SPASM method
was found to be useful in practical design of platforms to withstand earthquake loading.
When
significant superstructure-foundation interaction is expected, uncertainty in the interaction
phenomena leads to a range of design results if the conventional approach is used.
The SPASM
method can provide more definite and realistic design parameters.

INTRODUCTION

1977; Matlock et al.,
1979).

In recent years, offshore platforms have been
constructed with increasing size and complexity
with corresponding emphasis on more realistic
analysis and design methods.
Due to increased
oil exploration efforts, the geographical
spread of platform locations also has led to
expansion of design considerations.
An example
is the seismic design of platforms in liquefiable soils.

1978; Berger et al.,

In this paper, a soil-pile-structure interaction evaluation procedure is presented for
platforms founded in cohesionless soils.
The
program DESRA II (Lee and Finn, 1978) was first
used to analyze free-field site response and
liquefaction solutions using a two-phase porepressure and effective stress soil model.
Resulting time histories are then used in
SPASM for the interaction solutions.

In conventional practice for wind and wave
loading, design of the foundation elements of a
given platform are carried out with the effects
of the superstructure on the pile represented
statically by an axial force, a lateral shear
per pile, and a passive rotational restraint
stiffness.
Using such a statics analysis
approach, the soil support behavior is characterized by nonlinear but elastic p-y and t-z
functions (Bogard and Matlock, 1977 and Bryant
and Matlock, 1977).
Several iterations of
calculation usually are required to obtain a
converged solution for a given loading condition.

As a demonstration of the procedure, two
example problems are presented, using the same
platform under the same earthquake loading,
To demonstrate the effects of liquefaction,
both a very dense sand and a very loose sand
are used.
As a further comparison, the same
two example problems are again analyzed by a
conventional approach consisting of an uncoupled linear dynamic structural model and a
nonlinear pseudo-static pile model.
Through
the comparisons, important interaction phenomena are discussed.

Design of an offshore platform for seismic
loading requires a different and more complete
approach.
In seismic loading the forces are
dynamic and are transmitted through the soil
and pile to the superstructure.
The dynamic
characteristics of the superstructure can be
influenced by the nonlinear foundation stiffness and are not constant.
A complete soilpile-structure study should include both the
superstructure and the soil-pile elements to
properly represent their effects on the overall
seismic response of the system.
Several
seismic soil-pile-structure interaction analysis procedures, with different degrees of
approximation and sophistication, have been
suggested in the literature (Arnold et al.,

GENERAL PROCEDURE
In addition to site response and soil-pile
interaction studies, determination of earthquake design criteria and site conditions are
often required for rational design of a platform
against earthquake loading.
The primary components of a suggested approach consist of the
following items:
(1)
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Regional seismicity evaluation.
This
usually 1ncludes se1smotecton1c
evaluation of the region, an historic
epicenter distribution study and
determination of both strength and
ductility levels of earthquake shak-
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ing, as suggested by the American
Petroleum Institute (1979).
(2)

Site investigation and soil property
determinat1on.
Dynam1c so1l modul1,
l1quefact1on strength, soil degradation characteristics and dynamic
load-deflection relationships are
the essential dynamic soil properties
required for the soil-pile-structure
interaction study, in addition to
conventional soil properties required
for static loading design.
The above
parameters as well as a soil profile
are generally determined from a site
investigation and laboratory testing
programs.

(3)

Free-field response study.
By using
an effective stress model (Finn,
Martin and Lee, 1978), free-field
responses including the displacement
and pore-pressure time histories are
obtained.

(4)

Structure modelling.
Depending upon
the degree of complexity involved in
the platform, ~he superstructure
usually can be simplified for the
soil-pile-structure interaction
study.

(5)

~REE-FIELD

Soil-pile-structure interaction study.
A beam column analysis may be used,
with nonlinear and inelastic soilpile interface elements.
The simplified superstructure may be included
in the model or coupled to it.
The
free-field responses obtained earlier
are utilized as input data.
Unlike
static loading conditions, effects of
seismic loading on the overall soilpile-structure interaction need to be
estimated from a limited number of
runs which combine ranges of soil
properties and various selected
levels of earthquake loadings.

RESPONSE USING DESRA II

~fter defining the seismicity of the region
)f concern, liquefaction potential and evalu~tion of soil response at the site can be
)btained by available one-dimensional methods.
~ost of these methods are for a horizontally
layered saturated sand deposit shaken by verti~ally propagating shear waves.
Instead of
estimating liquefaction potential alone, the
effects of earthquake loading on soil response
need to be determined to provide input to the
soil-pile-structure interaction study in SPASM.

In this proposed approach, the computer program DESRA II (Lee and Finn, 1978) is utilized
for the free-field response study.
This program utilizes the effective stress approach as
sugge3ted by Finn, Lee and Martin (1977) and
Finn, Martin and Lee (1978).
The method is
based on a set of constitutive laws which take
into account the response of saturated sands to
earthquake loading including the generation,

dissipation and redistribution of pore pressure
among sand layers.
Effects of finite stiffness
at the base of the deposit are approximated by
using an energy transmitting boundary.
Input
data required are the earthquake motion at a
defined depth, and, for soil properties,
liquefaction strengths including rate of
pore-pressure increase under cyclic loading,
dynamic moduli and permeability.
SOIL-PILE-STRUCTURE INTERACTION STUDY
SPASM

USING

The computer program SPASM (Matlock et al.,
is a dynamic version of the well established beam-column approach (Matlock and Foo,
1978).
The pile is divided into an arbitrary
number of segments of equal length with each
segment consisting of a rigid bar between
ad~acent deformable joints.
Bending moment,
ax1al thrust forces and shear forces are
transmitted across the bar.
Both internal
damping (material damping) and external damping
(representing radiation damping and rate effects) can be simulated for both the pile and
the superstructure.

1979)

The soil-pile interface element utilized in the
SPASM program is a mechanical assembly of a set
of parallel springs and friction sliders which,
together with damping components, are capable
of reproducing almost any observed or assumed
load-deflection and degradation characteristics.
Two of the characteristics included are:
(1) a nonlinear, degrading hysteresis loop, and
(2) soil gapping effects.
various kinds of
degradation models have been used.
In the
original SPASM program (Matlock et al., 1979)
strength degradation of a sub-element occurs
with each double reversal of plastic slip.
The above degradation model would be appropriate for clay.
For the example problems presented, a special degradation model was implemented in the program to simulate liquefaction
effects.
Both the stiffness and ultimate
resistance of the initial backbone curve of
soil reaction
p
versus pile displacement
y
were degraded at each time step, in accordance
with the pore-pressure increase from the DESRA
so 1 ut ion.
A given superstructure may be modelled with
different degrees of approximation.
In most
cases simulation of the first three to four
fundamental modes of the platform are adequate
to represent the effects of the superstructure
in pile response studies.
Various methods
can be used to model the superstructure.
In
the original SPASM program (Matlock et al.,
1979), segments of beam elements of various
cross sections, with rotation springs added at
framing levels, can be used to simulate structural effects.
Such a modeling method has been
used in soil-pile-interaction analyses by
Matlock, Foo and Cheang (1978), and Matlock,
Foo and Bryant (1978).
In the example problems presented, modification
of the program was performed so that a more
general stick model (as shown in Fig 1 (b) was
simulated.
Special continuity equations were
used to connect the stick model to the pile
top.
Cap springs, consisting of a lateral
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spring and a rotational spring were used to
simulate pile batter and restraint of all
piles to tilting of the superstructure.
The
bending stiffness of the pile station at the
structure interface was adjusted to reflect
local flexibility of the pile head.
Since SPASM uses a one-dimensional model to
represent a three-dimensional system under
earthquake loading, there are inherent limitations and approximations in directly modelling
the superstructure-pile system.
One limitation
is that only planar analyses of the platform
response can be studied.
Another approximation
is the assumption of having linear rotational
and lateral springs at the pile top to represent
pile head fixity, pile battering, and overturning restraint of the 3-dimensional structural
system.
The linear idealization of such cap springs is
reasonable because they are primarily related
to axial stiffness of all piles in a threedimensional structure, which usually is quite
linear under normal working loads.
The magnitude of these spring constants as well as other
structural stiffness parameters can be systematically reduced from a detailed 3-dimensional
static platform model.
Furthermore, the same
3-dimensional model can be used to determine
the proper fraction of mass and stiffnesses of
the total structure to be applied to any sing1e
p · l e m ember .
Pi l e members o f d i f fer en t s i z e s
ir the same ~.tructure may thus be studied.
(AI
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An ~dealized SPASM model is shown in Fig l(b).
Typical SPASM results consist of time histories
of lateral displacement, velocity, and acceleration at different locations within the system.
In addition, peak values of parameters such as
bending moment and shear force at critical
points on the pile and superstructure can be
provided for structural design calculations.
CONVENTIONAL RESPONSE SPECTRUM METHOD
Instead of soil-pile-structure interaction
evaluation procedures such as the one described
previously, a conventional approach based on
a design response spectrum and frequency
characteristics of the superstructure has been
utili zed in many analyses.
This approach
estimates responses from a design input spectrum which can be either an actual earthquake
response spectrum or a smoothed design spectrum.
Such a procedure usually uncouples the
superstructure and the foundation model as
shown in Fig l (c).
With some iteration between
the two models, linear foundation springs Rs
and ST are derived as substitutes for the
pile for use with the structure model.
Consideration of the seismic response of the
structural model leads to the estimation of
seismic forces.
The seismic load will in turn
be applied to the uncoupled static foundation
model for pile analysis and design.
EXAMPLE PROBLEM
Fo: purposes of demonstration and comparison, a
soil-structure system such as that shown in
Fig l is analyzed.
Both the DESRA-SPASM method
and the conventional method were used to
analyze the same platform and soil under the
same earthquake loa~ing.
In the example used,
the superstructure IS represented by a stick
model with ten degrees of freedom to simulate a
ten-deck platform.
The stick model was derived
from a detailed 3-dimensional linear model of
the platform structure.
The same detailed
mod~l was also used to determine the cap
springs and the relative stiffness of various
pile members.
Reasonable masses and stiffnesses were estimated for a single skirt pile.
A structural damping matrix approximating
2-percent damping was used.
The same stick
model was used for both of the two methods in
Fig l (b) and l (c).
T~e

sk~rt pil~ used in this analysis is a pipe
pile With a diameter of 60 inches and a
1.5-inch wall thickness, with a l t o 8 batter.
Total length of the pile below the mudline
~s assumed to be 200 ft in the analyses.
A
Jacket leg of 64-inch diameter with 0.75-inch
wall thickness extends to 5 feet below the
mudline.

To demonstrate the effects of soil liquefaction
o~ overall interaction response, two widely
different profiles of sand are assumed.
Both a
very dense sand and a very loose sand were
investigated to illustrate the differences in
response.th~t may b~ expected from soil property variations.
Liquefaction strengths
of
bo~h soils includ~ng rate of pore-pressu;e
buildup, were estimated from available labora-
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tory test data in the literature.
For the earthquake input, the strong horizontal
component of the Coyote Creek record of the
1979 Livermore earthquake was scaled to 0.4 g
to represent a near-field event.
Results from
a free-field seismic response study with
DESRA II indicate that the loose sand site
liquefied down to a depth of 30 feet after
about 12 seconds of earthquake shaking.
On the
other hand, the dense sand site did not completely liquefy at any depth but the upper
portion of the soil column (0-50 ft) has
excess pore pressure developed up to about
40 percent of the effective overburden pressure.
Pore-pressure profiles of both sites at
different stages of earthquake shaking are
presented in Fig 2.
With pore-pressure and displacement-time
histories at various depths from the DESRA
solution used as input, soil-pile-structure
interaction evaluations were carried out by
utilizing the program SPASM.
The initial
load-deflection relationship (p-y curve) of the
interface element at each depth was estimated

1.0

Instead of using the conventional staticanalysis lower bound cyclic p-y curve concept,
the degradation of the initial static p-y
curves was calculated at each time step for
each soil-pile interface element in proportion
to the input increase in pore pressure and
corresponding decrease in effective stress.
At each depth and time, both the stiffness and
maximum ultimate resistance of the backbone p-y
curve were thus directly proportional to the
effective stress.
RESULTS FROM DESRA-SPASM ANALYSES
Key results of the DESRA-SPASM study for both
soil conditions are summarized in Fig 3.
Time
histories of deflection, base shear and pilehead bending moment are plotted for both soil
conditions.
From these plots one can easily

EXCESS PORE PRESSURE (103 PSF)

0

from the API recommendation for sand with an
internal friction angle ~ of 40 degrees for
the dense sand and 25 degrees for the loose
sand.
This curve served as a backbone curve
for dynamic analysis and was modelled in the
SPASM program at each node point as a set of
parallel elasto-plastic mechanical sub-elements.
A very small amount of viscous damping
(less than 0.5 percent of critical) was also
used for the soil support elements.
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recognize some filtering of higher frequencies
for the loose sand site.
Pile-head deflections
relative to the pile tip and corresponding pile
m~ments are notably increased due to liquefactlon of the loose sand site after 5 seconds of
shaking.
However, it is noted that the peak
base shear is higher for the dense sand condition reflecting that higher inertial loadings
are transmitted to the superstructure from the
stiffer foundation system.
Several parametric studies have shown that
higher structural stresses may be expected for
the superstructure when the site is more competent.
On the other hand, peak pile stresses
are generally higher for a weaker soil condit~on.
In extreme cases such as for a liquefied
s1te, the reduction in inertial forces can
result in reduced peak pile stresses.
As a further comparison, response spectra are
shown in Fig 4.
Spectra of the input mot ion
used in the original free-field solution and
the two motions extracted at the pile-head
level for the two soil conditions are given.
It can be seen that in the high frequency range
the pe~k acceleration of the motion decreased,
result1ng from soil modification and interaction.
However, the displacements are amplified
in the range of longer periods.

nonlinear static foundation model as shown in
Fig 1 (c).
The foundation compliance effects
are s~mulated at the base of the structure by a
rotat1onal and a lateral spring.
These spring
constants are determined from the foundation
~odel.
The total lateral spring
ST which
1s related to lateral pile characteristics is
nonlinear and depends on the soil condition.
A
range of loads were applied to the pile head to
establish a range of pile head deflections and
moments as shown in Fig 5.
The curves in
Fig 5(a) were used to estimate the total
lateral spring ST for the superstructure.
Peak base shear from the structure model was
used in turn as input in Fig 5 (b) to determine
pile deflections and moment.
Angles of internal friction of 45 and 25 degrees were assumed
for the dense and loose sand, respectively.
The American Petroleum Institute (1979) pro-
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vides recommended construction of lateral load
transfer (p-y) curves for sand, for both static
and cyclic loading conditions. Pile response
solutions are typically found to be almost
identical between such static and cyclic p-y
curves; there was no significant difference for
the present example.
Furthermore, to simulate
liquefaction effects, for the example problem
for the loose sand case, soil support was
removed to a depth of 30 feet.
To obtain the structural response, mode
shapes and modal frequencies were determined.
using the spectrum of the input motion (see
Fig 4), the response of each mode can be
derived.
Root-mean-square summation of each
mode was used to obtain the peak response
design level.
Using such a technique to
determine seismic load requires an assumption
of a total system damping value including both
structural and foundation damping.
Recalling
that 2-percent damping was used for the superstructure, a range of total damping between 2
and 5 percent is expected.
For the dense sand
case, a lower damping value is expected due to
a more linear soil-pile interaction behavior
because of smaller pile deflection as well as
stiffer soil supports.
COMPARISON OF METHODS

uncertainty.
For this example, the linear
pile-head stiffness is obtained from Fig 5(a)
The upper bound stiffness is obtained from an
initial tangent at zero pile-head deflection.
The lower bound stiffness is obtained from a
secant modulus of the nonlinear curve at 4
inches of deflection.
For the loose sand case,
the upper and lower bound stiffness was determined from tbe intermediate and lower bound
curves respectively in Fig 5 (a).
Peak base
shear and base moment is shown in Fig 6 and
compared against the corresponding SPASM
solution.
It can be seen that the SPASM
solution in each case falls within the range of
uncertainty using the conventional method.
The seismic load derived from the spectrum
method as summarized in Fig 6 was used to
estimate pile-head moment using Fig 5.
The
resultant pile head moment is shown in Fig 7
and compared against the corresponding SPASM
solution.
It can be seen that for a dense sand
condition, the range of uncertainty in pile
moment is much smaller than for the loose sand
case.
Also, the pile-head moment from the
SPASM model agrees quite well with the pseudostatic method recalling that a lower damping
(closer to 2 percent) is expected for this more
linear dense sand case.
For the loose sand
condition, the range of uncertainty is much
wider.
However, the SPASM solution again

Comparisons of the structural response are
given in Fig 6.
In general practice, a range
of linear lateral springs ST has to be assumed, with a corresponding element of
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falls within the range of anticipated response.
The uncertainty in the conventional method
arises from the lack of a coherence between the
structural and the foundation model.
In conventional design practice an unduly conservative approach is usually used to allow for the
uncertainty.
In this example, for instance, an
upper bound seismic load based on an upper
bound soil strength might have been used for
pile moment determination using an incompatible
foundation model which assumes a lower bound
soil stiffness.
In such case an overly conservative pile moment may be obtained, as compared
to the SPASM solution.
Furthermore, the comparison revealed a serious potential danger.
Improper account of interaction effe~ts fro~
the conventional model can under-est1mate plle
moments, resulting in an unsafe design.
UTILIZATION OF THE METHOD
A seismic soil-structure interaction procedure
is presented which combines two currently
available aproaches, one for free-field response and one for soil-pile interaction study.
The proposed procedure takes i~to.ac~ount th~
most significant aspects of se1sm1~ 1nteract1on
evaluations based on presently ava1lable knowledge.
Because of the u~certainties i~volved in
the effects of interact1on on foundat1on
response, the more conventional spectrum design
method will typically give a range of values
for each design parameter.
As shown by the
example problem, this range of values may lead
to an overly conservative design.
On the other
hand, the proposed procedur~ is capable of.
providing the necessary des1gn parameters 1n a
more realistic manner, with a reduced range of
uncertainty for design practice.
Experience
with the method indicates the following additional applications of the SPASM program to be
feasible:
(1)

(2)

Practical and economical parametric
studies can be performed using SPASM.
The SPASM model presented here is a
reasonable compromise between simplicity and sophistication. The necessary simplifications or approximations do not cause serious defects.
Information gained from SPASM studies
can readily yield improved equivalent
linear or nonlinear foundation
parameters for further more complex
3-dimensional structural analyses.

Additional studies are required to improve our
understanding and develop a better approach for
the soil-pile-structure interaction analysis,
including superstructure modelling, interface
element property evaluation, soil degradation
characteristics and parametric studies.
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